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An eiectrodynamic Tether is a long thin conductive string deployed from a spacecraft. A part of the ED tether 
near one end, which is rendered positive by the Electromotive force (EMF) along the tether, collects electrons 
from the ambient plasma. In the frame of reference moving with the tether, ions flow toward the tether, get 
deflected near the tether by its high positive potential and create a wake. Due to the asymmetry of plasma 
distribution and the weak but significant Geomagnetic field, the conventional probe theory becomes almost 
inapplicable. Computational work for the prediction of current collection is thus necessiated.. In this paper, 
we analyze effects of magnetic field on velocity distribution fantion at a point that is far from the tether, and 
discuss a new way to treat electrons at computational boundary. Three cases with different magnetic field 
are simulated and compiled so as to provide a part of the pre-ftight prediction of the space experiment by 
NASA ProSEDS, which is planned September 2002. Plasma oscillations and associated increased electron 
density due to trapped electrons are recognized in the computation when the magnetic field is absent. In 
the presence of magnetic field, current collections tend to be £~ 3 higher than the 2D Orbital-Motion-Limit 
(OML) without significant appearance of trapped electrons. It is argued that, because of the three-dimensional 
motions of electrons, the 3D OML limit may be the upper limit even though the geometry is two-dimensional. 
Introduction 
An eiectrodynamic (ED) bare tether has been con-
sidered as an alternative method of propulsion with-
out expenditure of propellant. One of the difficulties 
ED tether engineers are confronted with is the esti-
mation of current-voltage characteristics. The anal-
ysis is quite complicated because of the small but 
significant geomagnetic field and the spacecraft's rel-
ative motion to both ions and electrons [2] [3]. One 
of the approaches to this solution is the use of a 
particle-dynamics numerical method. In the numer-
ical analysis of space plasma, one of the most reli-
able approaches has been the Particle-In-Cell (PIC) 
method. In this paper we apply a PIC code for a two 
dimensional collisionless plasma under the effects of 
magnetic field and the spacecraft's relative motion. 
In predicting the electron current collection to a 
bare eiectrodynamic tehter, the 2D OML current is 
often used as an upper limit under steady plasma 
condition. For a geometrically 2D problem defined 
in x-y plane, such as a bare tether, OML current, 
"2D" or "3D", is calculated by considering electron 
motions only in the plane perpendicular to the tether 
(x-y plane). In this paper, a cylindrical bare tether 
is aligned with z-axis, magnetic field is given by 
B = (0, -B,0) and plasma flow by V = (17,0,0). 
Electrons which can travel from infinity to the tether 
surface only in the x-y plane are counted as the con-
tribution to the current. 
When computing the current by counting the elec-
tron flux on the collecting surface, electrons which 
have an energy less than the potential difference be-
tween this surface and infinity are excluded. In a 
geometrically 2D surface and with no magnetic field, 
some hypothetical electrons may be additionally ex-
cluded, because, even though their energy is suffi-
cient, it resides mainly in the component parallel to 
the object's axis, and there is no mechanism to trans-
fer it to the perpendicular plane; if the perpendicular 
part of the energy is less than the potential differ-
ence, these electrons can not exist near the surface. 
For the same 2D object, but with some magnetic 
Figure 1: Electrons in velocity space. Elections with 
velocities inside indicated regions, cylinder (2D,left) 
and sphere (3D,right), are excluded in the calcula-
tion of the OML current. 
field perpendicular to it, gyrations cyclically convert 
motion along the object's axis to motion perpendic-
ular to it. Whether or not an electron with suffi-
cient total energy but insufficient perpendicular en-
ergy can be found near the surface is a complicated 
question. Considering a reversed trajectory, starting 
from the surface, the answer depends on whether or 
not the magnetic rotation is rapid enough to direct 
the electron away from the object before the electro-
static attraction forces it back to it. 
Now away from, the surface in the presheath, 
where there is no such object and a local potential is 
not so large that the electrostatic attraction is neg-
ligible or comparable with the magnetic effect. All 
electrons with sufficient total energy can be traced 
back their trajectories to infinity. 
In following sections, we elaborate on the above-
mentioned 3D OML theory to the current collection 
to a bare cylindrical tether in the presence of mag-
netic field. We incorporate the condition at the com-
putational boundary. We show some results from 
several simulations with different plasma parame-
ters. Finally we discuss the effects of magnetic field 
on the current collection to a cylindrical bare tether. 
2D vs. 3D OML theory 
Let us go briefly through the derivation of OML 
current to a positively biased cylindrical bare tether 
both in 2D and 3D. For brevity, we assume 
Maxwellian distribution at infinity where potential 
is set to zero, <f> = 0. And we also neglect mul-
tiple intersections of an electron trajectory by the 
tether. Thus we consider all electrons only in terms 
of its total energy and total perpendicular energy 
(Laframboise-Parker [6]). 
In "both 2D and 3D cases, the calculation of cur-
rent is performed by counting all electrons entering 
into the surface of a tether, whose trajectories can 
be traced back to infinity. When dealing with a geo-
metrically two-dimensional problem such as a cylin-
drical bare tether, the "infinity" has to be that of 
x-y plane perpendicular to the tether. 
The 2D OML current is derived as follows; on the 
surface of the tether of potential ^ p , the one-side flux 
is calculated by taking the first moment of the elec-
tron distribution. In taking the integral over velocity 
space, all electrons whose trajectory can be traced 
back to infinity of x-y plane are counted. These elec-
trons have enough total energy and can originate 
from infinity. They are characterized by having a 
velocity 
vl + vl > 2 e ^ / m . (1) 
In the direction parallel to the tether (z-direction), 
there is no electric field. Therefore vz is constant and 
can have any value. In velocity space, these electrons 
reside inside a cylinder of radius ^/2e^Jm as shown 
in Figure 1. The current density is then obtained as 
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where c^ is the random thermal velocity given as 
- l / (5) 
Therefore, when ^ » 1, the 2D OML current 
density is given as 
JOML&D) = (6) 
Next, let us consider the 3D OML current to a 
cylindrical tether in the presence of magnetic field. 
As in the 2D case, all electrons at a point of the 
tether surface whose trajectory can be traced back 
to infinity of x-y plane should be counted in the cal-
culation of the current. These electrons are charac-
terized by 
vl + vl + vl > 2#P/T>V (?) 
Then the current density is then obtained as 
JOML{3D) = / / / ev±fedv 
u|+«^+i'f>2eJp/m,uj.>0 
Equation (8) shows much higher current density in 
a m&gnsfci.'z&d case than in an. unmagaetized case. 
As shown above, even if the geometry of the prob-
lem is two-dimensional, we can expect the 3D OML 
current as the upper limit in a steady state. How-
ever, this analysis does not guarantee a much higher 
current collection than the 2D OML current to a 
bare cylindrical tether, because of the presence of 
electron trajectories which may intersect with the 
tether multiple times. 
We can still expect higher current collection than 
the 2D OML current to a bare cylindrical tether in 
LEO, We applied this anaylsis at the computational 
boundary where the local potential is positive (ex-
cept in a wake) and magnetic effect is strong enough 
to apply the 3D OML theory. In the following sec-
tion, we show the computation of our code with the 
treatment of the boundary condition, based on the 
3D OML theory. 
Computation 
The Particle-In-Cell (PIC) method is used for the 
calculation of current collection to a bare cylindrical 
tether with and without magnetic field. We run a 
nominal case specified by plasma parameters given 
in Table 1. Two other cases with B = 0(G) and B = 
0.6(G) are examined to see the effects of magnetic 
field on the current calculation. 
Quasi-neutral i ty Condit ion 
The quasi-neutrality condition is applied at each 
outside boundary point by equating the electric 
charge density of outgoing particles and incoming 
particles to zero as, 
B r ' - n r * = n ? ( ^ ) - n , * l ( 0 » ) (9) 
from which the local potenail fa is solved. Densi-
ties of outgoing particles, 
side are numericallly calculated [5] , Densities of in-
coming particles in the right hand side are given as 
an analytical function of a local boundary potential 
Density «„<, = lO ' l f l /m 3 ) 
Magnetic field B = 0.3 (G) 
Tether potential 4>p = 25 (eV) 
Ibtlierradiufl 
Debyelentcht * = 1 
Ion mass ( 0 + ) Mi = 2.67 x 10--" (kg) 
Satellite speed U = 8 (km/sec) 
Electron Temperature Te = 0.1 (eV) 
Ion Temperature Ti = 0.1 (eV) 
Debye length dD = 0.74 x 10-2 (m) 
Larmor radius r L = 0 . 2 5 x l O - i (m) 
Angle of the tether 
to its motion 9 = 90 (deg) 
Table 1: Plasma parameters for the nominal case 
4>b. Following the argument given in the previous 
section, we calculate incoming electron density at a 
boundary point of positive potential 4>b separately 
for B = 0 and for B ^ 0. Since the local boundary 
potential is typically positive (except for a wake) 
but small, magnetic effects in the B ^ 0 case are 
still strong. And there is no object such as a tether 
with which a gyrating electron intersect. Therefore 
we can apply the argument at the bondary point, 
if not on the surface of a tether. Incoming electron 
densities can be written as 
n?{tf>biB = 0) = jjj f.dv (10) 
n?(<f>b,B^0) = jjj fedv (11) 
where the electron velocity distribution at the 
boundary, / c , is given as 
(12) 
/ \ 3 / 2 
and Noo = n ^ f 3™^-) is a normalization factor. 
v i is the normal component of incoming velocity 
to a boundary surface. Equations (10) and (11) are 
plotted in Figure ??. As the 2D OML theory claims, 
the incoming electron density for B = 0 does not 
increase as the local potential increases. 
The number of particles to inject into the com-
putational domain at each boundary point is cal-
culated from the incoming flux of particles. Like-
wise, incoming electron fluxes are also computed at 
a local boundary point separately for B = 0 and 
B 7^  0. Trie formula for the calculation is the same 
as that used above for the calculation of the OML 
current, equations (2) and (8). We merely need to 
replace the tether potential <j>p with 4>b and include 
^x //. K-
/,« 
/A 
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Figure 2: Incoming electron density as a function of 
a local potential <^ , In two-dimensional case (left), 
electron density decreases a little bit due to the flow-
ing effects. In three-dimensional case (right), elec-
tron density increases as a local potential increases. 
a plasma flow velocity {tether velocity) U in a dis-
tribution function fe. That is, we use / e given by 
(12), but not the Maxwellian distribution. 
Results 
Nomina l Case 
The nominal case is defined in Table 1. We use 
this case as a starting point and change the magnetic 
field for other cases. 
In Figure 4 we show instantaneous distributions of 
field quantities. From top left in the clockwise direc-
tion, tray^ped^ecttpn^jiensity, non-trapped electron 
density, ion density, potential, electric charge den-
sity and electron density are shown. Electron and 
ion densities are normalized by that at infinity. Elec-
tric charge density is normalized by en^ . Potential 
is in actual units (eV). 
The ion density distribution shows strong effects 
of the mesothermal condition. First, a wake re-
gion behind the tether is noticed. The wake is cre-
ated by the quasi one-dimensional motion of mas-
sive ions, Ions are flowing toward the tether from 
the left (ram region) almost one-dimensionaUy. Due 
to the tether's large potential, ions aie slowed down 
in the ram region and deflected from the 1-D tra-
jectory. Because of this slow-down, ions increase 
their density. The peak of increased density reaches 
2 ~ 3 times that at infinity. The potential at 
the peak point corresponds to the ion ram energy 
(5eV), Because of the slightly positive potential in 
the presheath region, ion density is always more than 
at infinity in the ram region. 
In the mesothermal condition, electrons are mov-
ing much faster than the tether, therefore the effect 
of plasma flow is almost negligible. A decisive fac-
tor to determine the electron density distribution is 
the ion density distribution, since a plasma has a 
strong tendency to maintain the quasi-neutrality in 
the larger scale than Debye length. This explains 
the low density in the wake region. Electron den-
sity in the wake region is decreased such that the 
local Debye length is comparable with the character-
istic length of the wake. In this case, the length in 
the ^-direction should be taken as a characteristic 
length. When electrons are close to the tether, the 
tether's large potential creates a sheath region where 
the plasma does not maintain quasi-neutrality Nat-
urally the size of the sheath is of the order of a few 
Debye lengths. In Figure 4, the sheath region is 
clearly presented, A significant electron population 
(ne > rooo) is recognized around the tether. The re-
gion extends up to 10 Debye lengths {The radius of 
the tether is 1 Debye length). 
At the left bottom of Figure 4, the net electric 
charge density is plotted. Since the size of the com-
putational domain was chosen.in such a way that 
it contains a sheath region, quasi-neutrality can be 
seen in the presheath Tegion. There are, however, 
three zones where the quasi-neutrality does not pre-
vail. The first one is the wake. As the electron den-
sity is very low due to the ion depletion, the local De-
bye length is so large that the quasi-neutrality does 
not hold. Second is the sheath in the vicinity of the 
tether where a large potential due to the tether bias 
prohibits the ion population and attracted electrons 
form a non-neutral sheath. The last, less strong, 
is due to the ion density caustic line ahead of the 
tether. Ions are slowed down as they climb up the 
potential hill toward the tether. Decelerated ions in-
crease in density and the density reaches its peak at a 
point of potential equal to beV, which is the ion ram 
energy. In order to maintain the quasi-neutrality, 
plasma tends to gather more electrons near the peak. 
In front of the tether, increased ion density is neu-
tralized by the electrons carried through the poten-
tial wing. However the quasi-neutralization is not 
complete at the sides of the tether. 
At the right bottom, the electric potential is plot-
ted. As mentioned above, most of presheath has 
a positive potential. Behind the tether there is a 
wake where negative potential prevails. Along the 
magnetic field near the tether, there are potential 
wings which have higher potential than other parts 
of presheath. Due to the magnetic field, electrons 
gyrate and can not transport themselves across the 
magnetic field. Therefore except for very few elec-
trons with a large velocity in the ram side, most 
of electrons are brought in along the magnetic field 
lines. Thus, plasma extends potential wings along 
the magnetic field to attract enough electrons to 
gain the quasi-neutrality. In front of the tether and 
the wing, the potential is almost as low as potential 
at infinity (&, — 0)i showing little influence of the 
tether presence. 
Any significant plasma oscillation is not observed 
in this case. However, along the magnetic field 
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lines near the tether where ions increase in density, 
trapped electrons are observed. Moreover in the 
sheath near the tether, there is a significant pop-
ulation of trapped electrons. 
Finally for this nominal case, the current col-
lected is 2 ~ 3 times larger than the 2D OML 
current, but much lower than the 3D OML cur-
rent which would be JOML(3D){JOML(2D) = 
than the 2D OML current, 
rate would be ~ 14.01. 
times larger 
For <f>p = 25(eV), this 
Case 1 : B = 0(G) 
I 
i* 
j^l^A$a&dhuttAna^. 
Potential Field 
I 
Ffwauet>*j (No«nsM00 6|r Pre*i>» F l u e n c y a tnlmW 
In Figure 5, the case with no magnetic field is 
shown. The effects of magnetic field are very dis-
tinct. The absence of magnetic field renders the 
electron motion totally two dimensional due to the 
absence of gyration motion. In order for the plasma 
to maintain the quasi-neutrality, it increases poten-
tial so that it can attract mere electrons. However, 
as discussed in the earlier section, in a totally two-
dimensional case, higher potential does not increase 
electron density. But still ion density increases due 
to the strong tether stopping potential. This cre-
ates a region where ion density is higher than elec-
tron density. It violates the Bohm stability crite-
' rion, which states that, for stability of the sheath 
, formation, the sign of net charge everywhere in the 
presheath and the sheath must be the opposite to 
that of the probe potential. The deficit electrons 
) need to be supplied by extra electrons which need 
to be present as a result of plasma oscillations. In 
order to keep those trapped electrons confined in 
the presheath, the plasma potential Btays positive 
enough that trapped electrons have a negative total 
energy, |m e (v^ 4- v%) - e<p < 0, and can not escape 
to infinity wbare (A = 0, 
Next thing to realize in the B = 0(G) case is the 
spreading of potential into the ram region. Unlike 
a magnetized case, electrons can be brought in from 
all directions. Accordingly, the potential wings dis-
appear. 
Trapped electrons are observed where the ion 
caustic line is found. As seen from the net charge 
(bottom left), electron population along the caus-
tic line is not enough to maintain quasi-neutrality. 
Therefore the Bohm stability criterion is not yet sat-
isfied. 
The current collection is about 1.2 ~ 1.5 times 
the 2D OML current. Strong plasma oscillation is 
observed at about 0.2 times plasma frequency of the 
undisturbed plasma (Figure 3). 
Figure 3. FFT analysis of current collection and lo-
cal potentials. Both current collection and local po-
tentials have characteristic frequency at w ~ 0.2 X up 
Case 2 : B = 0.6(G) 
In Figure 6 The larger magnetic field decreases 
the gyro-radius of particles. The gyroradius of ions 
is still large compared to the characteristic length of 
the problem so that we can still ignore their gyra-
tion effects. On the other hand, the electron gyro-
radius is comparable to the size of the tether cross-
section and its effect on the plasma behavior is rec-
ognizable. Smaller electron gyroradius makes the 
"magnetic wing" narrower than in the nominal case. 
Since the magnetic wing is the source of electrons for 
th& maintenance of quasi-neutrality near the tether 
where ions increase their density, the plasma poten-
tial in the magnetic wing becomes relatively higher 
in order to attract more electrons. The increased 
potential in the magnetic wing also affects the ion 
trajectories. 
Trapped electron is observed ahead of the tether 
where the increased ion density is found. Like the 
nominal case, the plasma oscillation is not observed. 
Current collection is found to be twice as much as 
the 2D OML current. 
Conclusion 
The application of the 3D OML theory to the cal-
culation of current collection to a bare cylindrical 
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tether is extended to study magnetic field effects. 
While it still does not guaranteee the 3D OML cur-
rent to the tether, it proves higher current collection 
than the 2D OML current even in the steady state. 
In our computation, the 3D OML theory is applied 
at the computational boundary points where the lo-
cal potential is positive but not very large. 
A few simulations are performed with different 
magnetic field, B =0, 0.3 and 0,6(G). In the un-
magnetized case, because of the deficit electrons due 
to the 2D OML theory, plasma becomes oscillatory 
and traps electrons. Having a negative total energy, 
these trapped electrons can not escape to infinity 
and are confined in the presheath. This makes up 
for the deficit of electron density and marginally sat-
isfies the Bohm stability criterion. In the computa-
tion, a typical frequency is recognized to be around 
0.2 times the plasma frequency of the unperturbed 
plasma. 
In both magnetized cases, in the presheath, elec-
tron's motion follows the 3D OML theory, mean-
ing that all electrons with sufficient total energy 
are counted. The increased ion density by the high 
tether potential is matched by the electron density 
increased by a locally increased potential. A region 
where ion density is higher than electron density as 
in the unmagnetized case is not recognized. 
The current collection to a bare cylindrical tether 
is typically 2 ~ 3 times more than the 2D OML the-
ory in the presence of magnetic field. In the limit of 
B -» 0, as long as B ^ 0, magnetic effect brings in 
more" electrons than prescribed by the 2D OML the-
ory under the totally collisionless state. However, in 
the computation, in the limit of B —* 0, the outside 
boundary needs to be taken far enough for magnetic 
effect to be comparable with or stronger than the 
electrostatic force by the tether. 
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Figure 4: Instantaneous maps of the nominal case (B = 0,3{G}). Trapped electron density (top left), non-
trapped electron density (top right), total electron density (middle left), ion density (middle right), net 
charge density (bottom left) and electric potential (bottom right). All densities are normalized by that of 
unperturbed plasma, n B , net charge by en^, and electric potential is in the actual unit (eV) 
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Figure 5: Instantaneous maps of an unmagnetiaed case (B = 0(G)). Trapped electron density (top left), 
non-trapped electron density (top right), total electron density (middle left), ion density (middle right), net 
charge density (bottom left) and electric potential (bottom right). All densities are normalized by that of 
unperturbed plasma, nTO, net charge by e n ^ and electric potential is in the actual unit.(eV) 
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Figure 6: Instantaneous maps of a stronger magnetic case [B = 0.6(G)). Trapped electron density (top left), 
non-trapped electron density (top right) t total electron density (middle left), ion density (middle right), net 
charge density (bottom left) and electric potential (bottom right). All densities are normalized by that of 
unperturbed plasma, n^,, net charge by en,*, and electric potential is in the actual unit (eV) 
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